Wettability and evaporation control is a key issue to enhance heat transport performance of heat transport devices such as heat pipes and vapor chambers. In this study, in order to enhance heat transport performance of copper-based heat transport devices, utilization of a high performance copper oxide film are proposed. This film has high wettability, which leads to strong evaporation performance of coolant and, as a result, to higher heat transport performance of the devices.
Introduction
With recent advance of electronics such as high performance computers and smart phones, high power LEDs, in-vehicle inverters, etc., development of higher performance of heat transport devices, which spreads the heat from the chip, are strongly expected. For example, in utilization of heat pipes [1] and vapor chambers [2] with sintered particles, meshes, or wires inside, the maximum heat transport performance basically results not only from latent heat of liquid but also capillary force and permeability of the porous wick, which conflict each other. In that sense, optimizing the porous structure has been an essential key issue in order to enhance the heat transport performance. In particular, functional porous structure such as biporous wicks that have coarse pores for vapor discharging and fine pores for liquid supplying by the capillary force has been focusing recently. [3] On the other hand, with the development of nanotechnology, many researchers have been trying to enhance the heat transport performance of the heat pipes by utilizing nanofluid that includes nanoparticles inside. Shafahi et al. reviewed these works and summarized that utilizing the nanofluid as the working fluid strongly contributes to enhancement of the heat transport performance such as reduction in heat thermal resistance and increase in maximum heat transport performance, due to its improved thermal conductivity. [4] Aside from the techniques mentioned above, authors found out the fact that a copper oxide film generated under high-temperature and short-term conditions has high wettability in the studies of boiling heat transfer enhancement with nanoparticles, and utilized the oxide film as a first layer to assemble the nanoparticles. [5] Here, we focus again the following capillary limit model for the heat pipe's maximum heat transport performance Q max ,.
Where L, μ l , ρ l , and σ are Latent heat, viscosity, density, Among these parameters, we haven't discussed the effect of the contact angle θ that shows wettability between the working liquid and the porous solid. Figure 1 shows a heat transport enhancing rate compared with the case of the contact angles of 70° and 50° when improving the wettability, that is to say, decreasing the contact angle θ. In both the cases, the enhancing rate gradually increase with decreasing the contact angle (improving the wettability).
Where the referential contact angle is 70°, which almost corresponds to the contact angle of a water droplet and a bare copper surface, the maximum heat transport performance exceeds 3 times higher at a contact angle of 10°.
Even at a based contact angle of 50°, the heat transport enhancing rate at θ = 10° is approximately 1.5 times higher.
This fact could prove that improving the wettability could be a promising technology for increasing the capillary force in a porous wick inside the copper-based heat pipes and vapor chambers without adjusting the porous structure. Also, if we can find a simple technique for the wettability improvement, there is a possibility that the heat transport performance of ready-made heat pipes is enhanced just by oxidizing them under high temperatures.
As to the conventional researches on the boiling and evaporation heat transfer by the copper oxide film, it used to be well-known that a long-term metal oxide film works as a thermal insulating layer also for boiling/evaporation heat transfer. However, Dhir et al., [6] Chin et al., [7] and Lee et al. [8] discussed the effect of change in surface condition by oxidation on boiling heat transfer enhancement.
However, it seems that the optimum oxidation condition for wettability and evaporation enhancements has not been clarified yet.
In this study, focusing on the copper oxide layer produced under short-term and low temperature conditions from 200°C to 350°C that is conceivably suitable oxidation regime for the wettability improvement, we evaluate the wettability improvement of a copper oxide film and its optimum oxidation conditions by estimating the change in contact angle between a water droplet and the copper oxide film. Furthermore, we demonstrate that a highlycontrolled copper oxide film also contributes to evaporation heat transfer enhancement, which is the most important phenomenon in the heat pipe and the vapor chamber, by estimating a life time of a water droplet on the oxidized copper surface that is heated more than a saturated temperature of water.
Experimental Setup
A specimen utilized for oxidation is a non-oxidation cop- from 100°C up to a wetting limit temperature at the interval of 3 Kelvins. After the surface temperature exceeds the wetting limit temperature, the droplet starts bouncing on the heated surface due to declined wettability. is also shown in close-up in Fig. 9 on the bottom. The horizontal axis is the initial surface temperature. It is obvious that, in a low surperheat temperature regime from 100°C to 110°C, the life time of the droplet on the oxidized copper plate is much lower than that in the bare surface case.
Results and Discussion
This suggests that the copper oxide film also highly enhance the evaporation performance by the wettability improvement. However, the effects of the oxidation tem- 
Conclusion
In this study, we focused on wettability improvement by a copper oxide film and evaluated the effects of the oxidation time and temperature on it. The contact angle was reduced within 10 minutes, which proved that the wettability of the copper oxide film was drastically improved by short-term and low temperature oxidation. Some data showed hydrophilic condition where the contact angle is less than 10 degrees. Also, our study clarified that, in order to generate stable hydrophilic copper oxide layer, the copper bare plate should be oxidized at 250°C for 15 to 25 minutes or at 300°C for 15 to 20 minutes. Of course, as the thickness of the oxidation film is approximately 200-1,500 Å, the oxidation doesn't work as a thermal insulating layer.
In addition, it was proven that this copper oxide film strongly enhance the evaporation heat transfer performance because the life time of the droplet shortens in a low superheat regime. Also we confirmed that the wetting limit temperature was also increased by more than 15 Kelvin compared with the case for the bare copper surface, which would enhance the critical heat flux of the boiling heat transfer.
